The movement of water across cell membranes is fundamental to life. Water constitutes roughly 70% of the mass of most living organisms, so the orderly distribution of water is required to maintain proper fluid balance within different anatomic compartments. Although water is known to diffuse through lipid bilayers, diffusion is not sufficiently rapid for many physiological processes. To accommodate these needs, a family of membrane channel proteins evolved for rapid transport of water across biological membranes. These proteins, termed "aquaporins," are found in all life forms, including archaea, eubacteria, fungi, plants, and all phyla of animals. Since the discovery of the aquaporins ten years ago (1), researchers around the world have sought to learn how these proteins work. Selectivity, rates of permeation, and gating mechanisms are three properties that characterize channel proteins. Aquaporins are exquisitely selective for the transport of water -even repelling hydronium ions (H3O+). The importance of the latter is emphasized by the normal function of mammalian renal tubules, which reabsorb 99% of the water from glomerular filtrate at the same time that acid is secreted by intercalated cells. Some members of the aquaporin superfamily are permeated by a variety of small neutral solutes such as glycerol or urea (termed "aquaglyceroporins") (2). The transport of water or glycerol through aquaporins represents facilitated diffusion driven by osmotic or […] Spotlight Find the latest version:
The movement of water across cell membranes is fundamental to life. Water constitutes roughly 70% of the mass of most living organisms, so the orderly distribution of water is required to maintain proper fluid balance within different anatomic compartments. Although water is known to diffuse through lipid bilayers, diffusion is not sufficiently rapid for many physiological processes. To accommodate these needs, a family of membrane channel proteins evolved for rapid transport of water across biological membranes. These proteins, termed "aquaporins," are found in all life forms, including archaea, eubacteria, fungi, plants, and all phyla of animals.
Since the discovery of the aquaporins ten years ago (1), researchers around the world have sought to learn how these proteins work. Selectivity, rates of permeation, and gating mechanisms are three properties that characterize channel proteins. Aquaporins are exquisitely selective for the transport of watereven repelling hydronium ions (H 3 O + ). The importance of the latter is emphasized by the normal function of mammalian renal tubules, which reabsorb 99% of the water from glomerular filtrate at the same time that acid is secreted by intercalated cells. Some members of the aquaporin superfamily are permeated by a variety of small neutral solutes such as glycerol or urea (termed "aquaglyceroporins") (2) . The transport of water or glycerol through aquaporins represents facilitated diffusion driven by osmotic or concentration gradients.
Atomic structures
Early studies of molecular recombinants predicted the "hourglass" model for aquaporin structure (3). Each 28-kDa subunit in the aquaporin homotetramer contains an individual aqueous pore. The primary sequence of aquaporin-1 (AQP1) reveals two tandem sequence repeats, each encoding three transmembrane helices with a short loop (hemipore) connecting the second and third helices. The hemipore loops enter but do not span the bilayer, and each contains the signature motif Asn-Pro-Ala (NPA). The amino-and carboxy-termini are intracellular, so the repeats are oriented at 180°to each other. The two hemipores fold into the membrane from the opposite surfaces of the bilayer, overlapping midway through the bilayer where they are surrounded by six transmembrane helices.
Several recent studies have revealed the high-resolution structures of the water channel protein family that explain their selectivity. The structure of human AQP1 reconstituted into membrane crystals was determined at 3.8 Å by cryoelectron microscopy (4, 5) ; the structure of three-dimensional crystals of the Escherichia coli aquaglyceroporin (GlpF) was obtained at 2.2 Å by x-ray diffraction analysis (6) . Remarkably similar, AQP1 and GlpF were referred to as "fraternal twins" (7) . By merging these coordinates, a refined structure for AQP1 was obtained ( Figure 1 ) (8) . Importantly, the atomic structure of AQP1 was also recently determined by x-ray analysis of bovine AQP1 crystals (9) . Understanding the atomic structure of both AQP1 and GlpF has permitted molecular dynamics calculations to simulate their behavior during membrane water and glycerol transport (10) (11) (12) . Together these investigations have provided remarkably uniform agreement of structure with profound insight into the functions of these proteins.
Membrane transport of H 2 O but not H 3 O +
The structure of AQP1 provides a uniquely selective mechanism for free permeation by water through a channel with no moving parts ( Figure 2 ). Glycerol permeation of aquaglyceroporins is similar. Theoretically, protons could traverse a channel by transiently interacting with successive hydrogen-bonded water molecules in a stationary, single-file chain (analogous to a bucket brigade or an electrical wire). This model of proton conductance has been demonstrated through the column of water molecules in gramicidin A (13) . Two major features of the AQP1 channel prevent the formation of a continuous chain of hydrogen-bonded water molecules (Figure 2) .
The first barrier to proton permeation is located at the narrowest constriction of the aqueous pathway through AQP1. Approximately 8 Å above the middle of the bilayer, the channel is lined by the side chains of Arg-195, Phe-56, and His-180 (represented in sagittal section in Figure 2 ). The backbone carbonyl atoms of Gly-188 and Cys-189 also line the channel at this level, and the 2.8-Å diameter of the pore approximates the mean van der Waals diameter of a water molecule (represented in transverse section in Figure 3 ). The residue at the constriction Arg-195 is conserved in virtually all members of the aquaporin superfamily and bears a strong positive charge serving to repel protonated water (H 3 O + ). Molecular dynamics simulations revealed that hydrogen-bonded water chains are interrupted adjacent to . The pore-lining residue His-180 is conserved in all water-selective mammalian aquaporins and restricts the diameter of the pore with a partial positive charge at neutral pH. In contrast, multifunctional aquaporins that have alternate residues at this position have larger diameters. GlpF, with a glycine residue in the position analogous to His-180, has a pore diameter approximately 1 Å wider, permitting lengthwise passage of polyols such as glycerol (6) .
The second barrier to proton permeation is the strong dipole, formed by the two short pore helices containing the motif NPA in the hemipore loops that meet at the center of AQP1 (Figure 2 ). Importantly, these partial charges and Asn residues reorient water molecules passing through the channel (4, 14) . This water dipole reorientation disrupts hydrogen-bonding interactions between this water molecule and those both above and beneath it, eliminating the possibility of proton conductance.
With very few exceptions, ions are not known to permeate aquaporins. Theoretically, dehydrated ions could fit through a 2.8-Å-diameter pore. The dehydrated sodium ion has a diameter of 1.9 Å; however, the diameter of the hydrated sodium ion is 7.16 Å (15). Cation channels with narrow pores possess mechanisms to dehydrate ions. For example, one side of the KcsA potassium channel pore contains 16 carbonyl oxygen atoms arranged in a stacked ring configuration. This configuration is sufficient to completely substitute for the interactions with waters of hydration (16) . In contrast, AQP1 contains four carbonyl oxygen atoms on each side of the pore. Although this arrangement can efficiently isolate water molecules from bulk water, it can only partially dehydrate ions, which remain too large to pass through the narrowest constriction of the water channel.
Ultra-high-speed transport
The crystallographic and dynamic structures of AQP1 demonstrate features of the water channel that facilitate rapid water transport. A single column of water molecules resides in a 20-Å span within the channel.
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Figure 1
Ribbon diagram of the structure of an AQP1 subunit (sagittal section). The model is based on Protein Data Bank coordinates 1H6I of human red cell AQP1 (8) . The amino-terminus is blue and the carboxy-terminus is red. Six membrane-spanning helices surround two hemipores (loops with short helices -cyan and orange) that meet in the center of the bilayer. The white arrow illustrates the aqueous channel through the protein.
Figure 2
Schematic architecture of the channel within an AQP1 subunit (sagittal section). The shape of the aqueous pore (blue) is derived from calculations based on the structure of bovine AQP1 (9) . Four water molecules shown in bold colors represent transient interactions with the pore-lining residues at discrete sites. Bulk water in the extracellular and intracellular vestibules is depicted in pastels. Three features of the channel specify selectivity for water: (a) Size restriction. Eight angstroms above the midpoint of the channel, the pore narrows to a diameter of Discrete sites of interaction between water molecules and pore lining residues are predicted ( Figure 2) ; the remainder of the channel is largely hydrophobic. Water molecules jump from site to site in a manner analogous to saltatory conduction at the nodes of Ranvier in myelinated axons. The rate of water transport through AQP1 (approximately 3 × 10 9 water molecules per subunit per second) (17) is considerably faster than that of other described channels; potassium permeates at a rate of 1 × 10 8 ions per second through the KcsA channel, which is among the fastest ion channels (18) . Permeation would be greatly decreased if water molecules interacted with other polar sites lining the pore. A dramatic video animation of water molecules passing through the AQP1 protein is available at the website indicated in the legend to Figure 2 . Gating is physiologically vital for many channel proteins. Most described ion channels have well-established gating mechanisms, such as the ball and chain system of the Drosophila Shaker channels (19) , or the regulation of ligand-gated NMDA receptors by a poreblocking magnesium ion (20) . Although it is not a general feature of aquaporins, a subset of aquaporins may be gated. The major intrinsic protein of bovine lens (MIP, AQP0) is activated by low pH and inactivated by calcium ions (21); AQP3 is inactivated by low pH (22) ; and AQP6 in intracellular vesicles within α-intercalated cells of the renal collecting duct is activated by low pH (23) . In addition, gating of the yeast aquaglyceroporin FPS1 has been shown to involve an N-terminal domain (24) . The recent structural biology reports do not reveal mechanisms for gating of aquaporins, although molecular dynamics simulations suggest that the water permeability of the aquaglyceroporin GlpF decreases upon removal of glycerol from the environment -an example of induced-fit gating where the permeant solute induces its own permeability and that of other solutes (10).
Aquaporins and human clinical disorders
The atomic structure of AQP1 protein provides marked insight into several human disease states. Ten other aquaporin genes are also expressed in humans, and their structures are expected to be very similar. Each aquaporin is present in specific tissues where their permeabilities to water and small solutes may contribute to multiple physiological processes. So far, investigators have identified mutations in the water-selective human homologs AQP0, AQP1, and AQP2.
AQP0 is the major intrinsic protein of lens fiber cells. Unlike the majority of water-selective aquaporins, the permeability of AQP0 is relatively low, conferring a modest four-to fivefold increase in water permeability over the intrinsic permeability of lipid bilayers (25) . The physiological importance of this protein may lie in facilitating cell-to-cell adherence between lens fiber cells via interactions between AQP0 molecules in adjacent cells (26) . The extracellular contours of the protein create tongue-and-groove contacts that allow the tight fit of juxtaposed AQP0 molecules. Disruption of these contacts may interfere with uniformity and transparency of the lens.
Two kindreds with dominantly inherited congenital cataracts were recently identified with AQP0 mutations: Glu-134→Gly or Thr-138→Arg (27) . Glu-134 in AQP0 corresponds to Glu-142 in AQP1 and is conserved among all aquaporins. The negatively charged carboxyl side chain is critical for alignment of the backbone carbonyl atoms that isolate a water molecule entering from the extracellular side of the channel (Figure 3) . The Thr-138→Arg mutation may perturb the proper orientation of Glu-134 by introducing an adjacent positive charge. Both mutations interrupt trafficking of nascent polypeptide to the plasma membrane (28) . Although the sites of the mutations lie along the same face of the fourth transmembrane helix, the phenotypes of the cataracts are, curiously, distinct in these families. Patients with the Glu-134→Gly mutation have single lamellar opacities, whereas those with the Thr-138→Arg mutation have multifocal opacities throughout the lens (28) .
AQP1 is expressed in red cells, renal proximal tubules, capillary endothelium, and multiple other sites. Patients with inherited mutations in the gene for AQP1 fail to express the protein and were identified because they lack the Co blood group antigen (29) , determined by a polymorphism in the first extracellular domain
Figure 3
Human disease mutations and pharmacologically active sites projected onto an atomic model of an AQP1 pore at the narrowest constriction point (transverse section). The model is based on Protein Data Bank coordinates 1H6I of human red cell AQP1 (8) . The side chains of three residues (Arg-195, His-180, and Phe-56) plus the backbone carbonyl groups of two residues (Gly-188 and Cys-189) line the pore. Mutation in AQP2 of the residue corresponding to Arg-195 results in autosomal recessive nephrogenic diabetes insipidus. The side chain of Cys-189 lies proximal to the pore. Binding of a mercuric ion to the sulfhydryl group of this residue inhibits the water permeability of AQP1. Hydrogen bonding between Glu-142 and the backbone amide groups of Gly-190 and Ile-191 orients the carbonyl groups of these residues toward the pore. Mutation in AQP0 of the residue corresponding to Glu-142 results in dominantly inherited congenital cataracts. (30) . Except for their unique blood transfusion requirements, these AQP1-null individuals are not symptomatic in the unstressed state, although careful clinical testing shows that they have renal concentration defects (31) and reduced water permeability in the peribronchiolar capillary plexus (32) . Either of these abnormalities could be of great clinical significance if the individuals should be deprived of water or sustain fluid overload from any cause.
AQP2 is predominantly expressed in the principal cells in the collecting ducts of renal tubules where regulated water reuptake is known to occur. In the diuretic state, AQP2 resides in intracellular vesicles. Upon stimulation by vasopressin (antidiuretic hormone), the vesicles traffic to the plasma membrane, increasing the water permeability of the collecting duct (33) . Nephrogenic diabetes insipidus (NDI) patients suffer from defective urinary concentration resulting from kidney resistance to vasopressin. Patients with X-linked NDI carry mutations in the gene encoding the vasopressin V2 receptor, whereas patients with recessively inherited NDI have mutations in the AQP2 gene, affecting the water transporting part of the protein (34, 35) . One mutation localizes to Arg-187 (corresponding to Arg-195 residue in AQP1), which disrupts the normal folding of the narrow constriction in the aqueous pore (Figure 3) . Patients with dominantly inherited NDI have a mutation in the carboxy-terminus near the site that regulates exocytosis (36) . Unlike patients with AQP1 mutations, AQP2 homozygotes and compound heterozygotes are severely affected clinically. Altered expression levels of AQP2 have been identified in most known defects of urine concentration or fluid retention. For example, AQP2 is underexpressed in diabetes insipidus and nocturnal enuresis, and AQP2 is overexpressed in congestive heart failure and pregnancy (37, 38) .
With recent advances in genome biology and highthroughput sequencing, it may become possible to rapidly identify mutations in all 11 human aquaporin genes. Analysis of mice with targeted gene disruptions of each of several different aquaporin genes is being reported, and each mutant has been shown to have a defect in fluid transport (39) . Although it is unlikely that the mice and humans will have equivalent clinical phenotypes, it is certain that multiple human aquaporin defects will be identified. Insights gained by examining the structures of aquaporins can help distinguish disease-causing mutations from silent polymorphisms.
Clinical pharmacology
Knowledge of the architecture of aquaporins may also play a role in toxicology or pharmacology. Before the discovery of the water channels, scientists observed mercury-sensitive water transport in red blood cells (40) . Biochemical studies revealed that the inhibition might be due to the interaction of mercury ions with Cys-189, predicted to reside within the pore of AQP1 (3, 41) . Structural models of the protein confirm this prediction, and one can expect that covalent modification of the sulfhydryl residue may occlude the channel (Figure 3) . Aquaporins may prove to be pharmacological targets. Agents that serve to block water channels may be useful in fluid overload states as diuretics. Of note, the agent calomel (Hg 2 Cl 2 ) was once used for refractory fluid overload. Agents that increase expression of the protein, either by induction of transcription (42) or by reduction of ubiquitination-dependent degradation (43) , could be beneficial when dissipation of edema is desired. Each aquaporin would be expected to have organ-specific functions. Knowledge of aquaporin structure may facilitate rational drug design.
Implications
Aquaporins are suspected in numerous disorders involving fluid transport such as brain edema, cirrhosis, congestive heart failure, glaucoma, and pre-eclampsia. Multifunctional aquaglyceroporins that transport glycerol and other small molecules may have roles in energy metabolism and heavy metal transport (44) , and at least one member of the aquaporin family may have a role in acid-base homeostasis as a kidney anion channel. Recent advances in determining the structures of aquaporins at the atomic level have revealed key mechanisms by which these channels maintain exquisite selectivity for substrates without sacrificing high rates of transport. Further investigation may reveal that structural signals lead to differences in several aspects of aquaporin function, such as the basis (and apparent requirement) for oligomerization, channel permeability properties, stability, and trafficking. Knowledge of protein structure may also provide insight into the spectrum of disease caused by distinct mutations in a single aquaporin gene, as in the case of mutations in AQP0 or AQP2. Finally, it is hoped that mechanistic and structural insights will lead to the development of new therapeutics through rational drug design. Considering the diverse expression patterns and functional properties of the aquaporins, the application of aquaporin structural biology holds promise for a wide range of clinical disorders.
